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Spin-polarized tunneling microscopy and the Kondo effect
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We present a theory for spin-polarized scanning tunneling microscopy (SP-STM) of a Kondo
impurity on an unpolarized metallic substrate. The spin polarization of the SP-STM breaks the
spin symmetry of the Kondo system, similar to an applied magnetic field, leading to a splitting of
the Abrikosov-Suhl-Kondo resonance. The amount of splitting is controlled by the strength of the
coupling between the impurity and the SP-STM tip and also the overall spin polarization of the
SP-STM.
PACS numbers: 72.15.Qm,72.25.-b
The Kondo effect has become one of the hallmarks of
many-body physics [1], stimulating development of both
new experimental and theoretical techniques. Apart from
its original manifestation, in the form of anomalous low-
temperature resistance of metals with magnetic impuri-
ties, its signature has been observed in a variety of other
systems, such as transport in quantum dots [2, 3] and,
more recently, by scanning tunneling microscopy (STM)
of single magnetic adatoms on a metallic surface [4, 5, 6].
In these experiments, below the Kondo temperature, an
enhanced conductance near the Fermi energy is found
due to the formation of a large peak in the density of
states, the so-called Abrikosov-Suhl-Kondo (ASK) reso-
nance. The imaging of a Kondo impurity with an STM
does not directly resolve the ASK resonance; a more com-
plex feature is found [4, 5, 7, 8]. This feature is similar to
the Fano resonance [9], more commonly found in atomic
physics, and can be explained as resulting from an inter-
ference of two tunneling paths; one from the STM tip to
the substrate and the other from the tip to the impurity-
atom then to the substrate.
An STM allows one to study a Kondo system at the
atomic level, and with the advent of the spin-polarized
STM (SP-STM) [10, 11], it is now possible to study
spin resolved aspects of the Kondo effect. Because spin-
dynamics is at the heart of the Kondo effect, the use of
an SP-STM as a probe seems natural. However, owing to
the spin symmetry of a Kondo system, one might expect
nothing of interest to be found. Although, the spin sym-
metry is only preserved if one neglects the effects of the
SP-STM tip on the Kondo system. Including the effects
of the spin-polarized current on the Kondo impurity, in
the language of the Anderson model [12], adds a spin
dependent hybridization term to the Hamiltonian. We
show this spin dependent hybridization mimics an ap-
plied magnetic field, splitting the ASK resonance of the
impurity. The splitting of the ASK resonance is similar
to that found in quantum dots coupled to ferromagnetic
leads/baths [13, 14, 15]. We find that with an SP-STM a
Fano like line-shape is observed, but because of the cou-
pling of the impurity to the tip—leading to the splitting
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FIG. 1: (Color online) Model of a Kondo system coupled to
an SP-STM.
of the ASK resonance—the Fano line-shape also exhibits
this splitting.
Model.—We model the combined Kondo and SP-STM
system as a single impurity on a noninteracting con-
ducting substrate; both are coupled by tunneling to the
SP-STM, typically an antiferromagnetic coated standard
STM tip, see Fig. 1. The full Hamiltonian is (~ = 1)
H = HAnd +Htip +Htun, where
HAnd =
∑
k,σ
ǫkc
†
kσckσ +
∑
σ
Edσd
†
σdσ + Un↑n↓
+
∑
k,σ
Vkdc
†
kσdσ +H.c. (1)
is the single-impurity Anderson model [12], describing an
impurity level Edσ with on-site Coulomb term U along
with hybridization Vkd with the substrate. The Hamilto-
nian for the SP-STM is taken to be
Htip =
∑
k,σ
ǫ′kσa
†
kσakσ , (2)
where ǫ′kσ = ǫkσ+eV . For the tip we allow for a different
spectrum, therefore a different density of states, for each
spin. The charge of the electron is −e and V is the ap-
plied voltage. Because tunneling can occur from the tip
2to the impurity, with amplitude tσdk, or to the substrate,
with amplitude wσkk′ , both processes have to be included
in the tunneling term
Htun =
∑
k,σ
tσdkd
†
σakσ+H.c.+
∑
k,k′,σ
wσkk′c
†
kσak′σ+H.c. (3)
We allow for the tunneling barrier to have spin depen-
dance, inasmuch as the tunneling amplitudes tσdk and
wσkk′ can be different for respective spins, but we do not
allow the barrier to flip spins. For an SP-STM, this
is known experimentally [16, 17] and introduces a tip-
system separation dependance on the spin polarization of
the tunneling current. We therefore define the polariza-
tion of the tunneling current as Pt = (Γ
↑
t −Γ↓t )/(Γ↑t +Γ↓t ),
where Γσt = π
∑
k |tσdk|2δ(ω − ǫkσ). We will also make
use of the equilibrium Hamiltonian H0 ≡ H(eV = 0).
In principle, super-exchange/RKKY effects between tip
and the impurity atom are present. We address these
interactions in later publications and focus, here, solely
on the effects of a spin-polorized current on the Kondo
system.
Conductance.—Using the number operator for tip elec-
trons, Ntip =
∑
k,σ a
†
kσakσ, the tunneling current is
I = −e〈∂tNtip〉H . This expectation value could be eval-
uated using the standard tunneling Hamiltonian formal-
ism [18]; however, if vertex corrections are neglected,
this only accounts for the interaction of the SP-STM
and the Kondo system to lowest order. Here we follow
Ref. [7] and use nonequilibrium Green’s function meth-
ods. This allows one to treat the applied voltage as
the small parameter of perturbation theory, instead of
the SP-STM-system coupling and the voltage, as is nor-
mally done. Assuming the density of states of the tip
ρtip and the bare substrate ρsub are energy independent,
the total current can be written as I = Isub + δI, with
Isub = 2eπρsubeV
∑
σ |wσ|2ρσtip, which describes tunnel-
ing into a bare substrate, along with an additional term
given by
δI = 2eπ2|V |2ρ2sub
∫
dω
[
nFtip(ω + eV )− nFsub(ω)
]
×
∑
σ
|wσ |2ρσtip
{
(1− q2σ) Im [Gdσ(ω)] + 2qσ Re [Gdσ(ω)]
}
,
(4)
where
qσ =
tσ + wσV Re [GR0 (ω)]
πwσV ρsub(ω)
, (5)
is a spin dependent Fano parameter with GR0 (ω) =∑
k(ω− ǫk+ iη)−1 and where Gdσ(ω) is the Fourier trans-
form of the retarded impurity Green’s function Gdσ(t) =
−iθ(t)〈{dσ(t), d†σ(0)}〉H0 . It should be noted that the
time dependance and expectation value of the impurity’s
Green’s function are with respect to the full equilibrium
Hamiltonian H0; O(t) = e
iH0tOe−iH0t and
〈
O
〉
H0
=
Tr e−βH0O/Tr e−βH0 . The total tunneling current con-
tains the direct tunneling into the substrate and the im-
purity but also has an additional quantum interference
term. It is this additional term that leads to a Fano line-
shape in the conductance instead of the ASK resonance.
The differential conductance G ≡ dI/d(eV ) is then
G(ω) =
∑
σ
Gσsub [1 + Yσ(ω)] (6)
[26], where Gσsub = 2eπρsub|wσ |2ρσtip is the direct tun-
neling conductance between the tip and bare substrate,
Yσ(ω) = ΓV
{
(1 − q2σ) Im [Gdσ(ω)] + 2qσ Re [Gdσ(ω)]
}
, and
ΓV = Γ
↑
V = Γ
↓
V = π|V |2ρsub is the level-broadening of
the d-level due to the coupling V to the substrate. For
energies close to the Fermi energy Eq. (6) can be recast
into the well known Fano line-shape giving
G(ω) ∼
∑
σ
Gσsub
[qσ + εσ(ω)]
2
1 + ε2σ(ω)
, (7)
with rescaled energy εσ = (ω−Edσ +ReΣdσ)/ImΣdσ (Σdσ
is the self-energy of the impurity). Here we treat the
Fano factor, Eq. (5), as an energy independent fit pa-
rameter; therefore, all of the energy dependance is in the
impurity’s Green’s function.
Calculation of Gdσ.—To calculate the impurity’s
Green’s function a variety of methods are available, in-
cluding equation-of-motion [19] or numerical renormal-
ization group [13, 14]. Let us first use a simpler and, we
believe a more, transparent method. For the asymmetric
Anderson model, it is known the ASK resonance splits
in the presence of spin-polarized leads/baths [13, 14, 15].
(Surprisingly the symmetric Anderson model exhibits no
such splitting [13].) First we use scaling equations to
determine the amount of this splitting [19, 20] for our
model and then simply represent the ASK resonances as
Lorentzians [8] centered away from the Fermi energy by
the splitting value. These approximations are good for
energies close to the Fermi energy and weak tip-impurity
coupling, where asymmetries of the ASK peak remain
small. For example see Fig. 2. These asymmetries, such
as the widths and heights of the peaks, become more pro-
nounced [13, 21] and more important for larger splittings
than those predicted for our model.
For this calculation (of the impurity’s Green’s func-
tion) we neglect the tunneling into the substrate [27].
This reduces the full Hamiltonian to that of a single im-
purity coupled to two baths/leads; one being the sub-
strate and the other the SP-STM tip. This two-lead-
Kondo system can be down folded to a single lead (with
spin-dependent hybridization) by the following canoni-
cal transformation, ckσ = (|Vkd|2 + |tσdk|2)−1/2(Vkdfkσ −
tσdkhkσ) and akσ = (|Vkd|2+ |tσdk|2)−1/2(tσdkfkσ+Vkdhkσ).
This transformation requires the density of states of the
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FIG. 2: (Color online) Shown is the value of the splitting
of the ASK resonance (taken as the difference of the spin
up and spin down peaks in the density of states), for (a)
a fixed spin polarization of P = 1/3 spin up and (b) for a
fixed tip-impurity coupling c = Γ↑t /ΓV = .10, as a function
of the polarization of the tunneling current. The remaining
parameters are: ΓV = .2 eV, Ed = −.9 eV, D0 = 5.5 eV, and
U = 2.9 eV.
leads be equal; therefore, we impose the spin polarization
entirely by the tunneling matrix elements tσdk. The split-
ting of the ASK resonance can be understood as coming
from the spin dependent renormalization of the bare en-
ergy levels Edσ, analogous to an applied magnetic field.
Using poor-man’s scaling the renormalized energies levels
[19, 20, 22, 23], in our model, are given by
E˜d↑ = Ed↑ +
ΓV
π
(1 + c) ln
(
D0
D1
)
and
E˜d↓ = Ed↓ +
ΓV
π
[
1 + c
(
1− Pt
1 + Pt
)]
ln
(
D0
D1
)
, (8)
where we have chosen (arbitrarily) a spin up polarized
current, with Pt ∈ [0, 1], c = Γ↑t /ΓV , and where D0 is
the bandwidth cutoff and D1 is the reduced bandwidth.
For most adatom systems, U < D0, unlike most quantum
dot systems where U ≫ D0. Thus the scaling equations
should be cut-off at D1 ≈ U . Therefore
E˜d↓ − E˜d↑ ≈ 2ΓV
π
c
(
Pt
1 + Pt
)
ln
(
D0
U
)
. (9)
Eq. (9) shows the amount of splitting is linear in the
coupling strength c but is also a function of the spin po-
larization Pt. Fig. 2 shows the range of the splitting. For
comparison, we also plot the splitting as calculated using
numerical renormalization group (NRG). We have cho-
sen a parameter set to reflect common experimental val-
ues [24]; although, the Kondo temperature derived from
these particular parameters is much larger than typical
systems.
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FIG. 3: (Color online) The NRG calculated spin-resolved den-
sity of states, ρdσ(ω) = −1/π Im [G
d
σ(ω)], of the Kondo impu-
rity is plotted for different tip-impurity coupling strengths;
c = Γ↑
t
/ΓV . We set Γ
↓
t
/Γ↑
t
= |t↓|2/|t↑|2 = 1/2, which gives a
33% spin up polarized tunneling current. All other parame-
ters are the same as Fig. 2.
Near the Fermi energy, the spin resolved density of
states of the impurity can be well approximated by
Lorentzians [8] which, here, are centered away from the
Fermi energy by the amount of splitting, Eq. (9),
ρd±(ω) = −
1
π
Im[Gd±(ω)]
≈ 1
πΓV
[
1 +
(
πT√
2TK
)2]−1
×
{
1 +
[ω ± (E˜d↓ − E˜d↑)]2
(πkBT )2 + 2(kBTK)2
}−1
(10)
where TK is the Kondo temperature and kB is the Boltz-
mann constant.
Results.—The Fano parameter, Eq. (5), depends on
the microscopic details of the coupling of the impurity to
its environment [24]. Here we leave it as an unknown fit
parameter and choose a fixed value; although, changing
the coupling does change the Fano parameter [24, 25].
In Fig. 4 we plot the enhancement of the conductance
(The real part of the impurity’s Green’s function can be
found by the Hilbert transform of Eq. (10)). As one
might expect the splitting of the ASK resonance leads to
a splitting of the Fano line-shape.
We have explored the use of an SP-STM to probe the
Kondo effect. By including the effect of the SP-STM on
the Kondo system, we find that the spin-polarized cur-
rent of the SP-STM adds a spin dependent hybridization
term to the standard Anderson model. This hybridiza-
tion both broadens and renormalizes the bare energy lev-
els, of the impurity—in a spin dependent way—which
in turn leads to a splitting of the ASK resonance. This
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FIG. 4: (Color online) For T = 10K, the normalized conduc-
tance G(ω) = G(ω)/G↑sub is shown for various values of the
tip-impurity coupling c = Γ↑
t
/ΓV and with G
↓
sub
/G↑
sub
= 1/2.
For simplicity we set the Fano parameter qσ = .2 for both
spins and impose a TK = 50K. Both of which are represen-
tative of Co/Cu(111) [24]. All other parameters are the same
as Fig. 2.
splitting of the ASK resonance is seen as a splitting of the
Fano line-shape of the conductance. The amount of split-
ting can be controlled by the tip-adsorbate coupling and
the overall spin polarization of the SP-STM. Although
the splitting is relatively small, to obtain an equivalent
splitting with the use of a magnetic field would require
field strengths of order 102 Tesla. The ability to detect
such an effect requires the width of the ASK resonance,
which is related to the Kondo temperature, to be of order
of the splitting or smaller. All things being equal, sys-
tems such as Ti/Ag(100) with a TK ≈ 40K [8] or smaller
would probably be needed.
Future investigations could include extending the
model to include super-exchange/RKKY effects between
the tip and the impurity, these become increasing impor-
tant near the contact regime [28]. Replacing the non-
spin-polarized substrate with a ferromagnetic one, intro-
duces further spin dependent coupling. Experiments such
as these could continue to test the effect of spin polariza-
tion of the bath(s) on the Kondo effect. Several theoret-
ical predictions have been made in this area, [13, 14] but
few experiments have been performed. [15] Also it is be-
lieved that the tunneling barrier depends on spin for an
SP-STM; although, the exact nature of this is unknown
and is currently an open question. This dependence could
be experimentally observed by measuring the Fano line-
shape splitting as a function of the tip-system separation.
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